Cyanobacterial calcification occurs in lakes, springs, oceans, and terrestrial ecosystems 52 and is involved in the fundamental process of the global carbon cycle (1-4). This process 53 makes an important contribution to the formation of carbonate deposits, which are now 54 intensively studied as high-resolution continental archives for environmental change (1, (5) (6) (7) (8) . 55
In spite of the recent finding of intracellular calcification in the cyanobacterium Candidatus 56
Gloeomargarita lithophora (9), cyanobacterial calcification is usually an extracellular 57 bio-induced process that is mediated by both environmental factors and biological processes. 58
Although many of the genes and proteins involved in the cyanobacterial calcification process 59 are yet to be elucidated, the following factors are assumed to be crucial: (a) calcium 60 concentration (1); (b) carbonate saturation state and availability of dissolved inorganic carbon 61 (DIC) (8, 10); (c) growth medium pH (11); (d) temperature (12); and, (e) availability of 62 nucleation sites such as an exopolysaccharide sheath or a proteinaceous surface layer around 63 the cells (13). Thus, examining genes involved in Ca 2+ , H + and DIC transport in cyanobacteria 64 may help to elucidate the molecular mechanism of bio-induced extracellular calcification. 65 CO 2 -concentrating mechanisms function to transport and actively accumulate DIC to 66 elevate the CO 2 concentration around Rubisco (14-16). The constitutive forms of CCMs are 67 obligate for cyanobacterial growth in most natural aquatic environments, while the inducible 68 forms of CCMs are up-regulated under DIC-limited conditions (16). In cyanobacterial cells, 69 the active uptake of CO 2 or HCO 3 -could lead to the release of equal amounts of OH -ions, 70 which would increase the pH of the microenvironment around the cells. An increase in pH 71 causes a shift in the carbonic acid equilibrium towards CO 3 2-, followed by CaCO 3 72 precipitation (3, 7, 8, 10, 17) . The C.K2 (kanamycin resistance) cassette was inserted into the NcoI site of the plasmid 126 pMD18-T::slr1336 resulting in plasmids pHS062 for the inactivation of slr1336 in 127
Synechocystis 6803. Similarly, the omega cassette was inserted into the ClaI site of the 128 plasmid pMD18-T::slr0040, resulting in plasmids pHS462 for the inactivation of cmpA in 129
Synechocystis 6803. 130
The plasmid for complementation was constructed as follows: the slr1336 gene fragment 131 was amplified from the genomic DNA of Synechocystis 6803 using the primers slr1336c-F 132 and slr1336c-R and Pfu DNA polymerase (Promega). The PCR fragment was confirmed by 133 sequencing, and then cloned into the NdeI site of the PpsbAII expression platform (pHS298) 134
Transformation of Synechocystis 6803 was performed as described by Williams (24) . 136
The mutants and complemented strain were generated by transformation with the 137 corresponding plasmids. Complete segregation of mutants was confirmed by PCR. 138
Calcium precipitation experiments. Calcium precipitation experiments were performed 139 at pH 8.0 under photoautotrophic and light-activated heterotrophic growth conditions buffered 140 with 20 mM HEPES-KOH. The amount of CaCO 3 precipitated per time interval per cell was 141 determined after 3 h. Cell numbers at the beginning and the end of experiments were 142 determined by flow cytometry. The precipitated calcium was presumed to be absent from the 143 filtered supernatant solution. At the end of experiments, samples were centrifuged, and the 144 supernatants were filtered through a 0.22-µm nylon filter, then were acidified with HNO 3 . The 145 concentration of calcium precipitated in each vial was calculated by subtracting the 146 concentration of calcium in the supernatant from the original amount of calcium added. Samples were excited with a 488 nm argon ion laser, while the fluorescence emission was 168 measured through a 525-nm and a 575-nm band pass filter (27) . All data were acquired in a 169 logarithmic mode with total of 20,000 cells measured for every sample. 170
qRT-PCR. Cells were collected by a brief centrifugation (4800 g, 6 minutes), and total 171 RNA was isolated with a TRIzol Reagent kit (Invitrogen). To remove DNA contamination, the 172 RNA solutions were digested with 4 U RNase-free DNase (Promega) Table 1S . Relative quantification of transcripts in this study was carried out 184 using the 2 -Δ∆Ct method described by Livak and Schmittgen (28):
Western blot analysis. Cells were collected by centrifugation, resuspended in 40 mM 
Ci flux measurements with membrane inlet mass spectrometer (MIMS). Cells were 210
harvested by brief centrifugation, and then resuspended in fresh modified BG11 medium (no 211 Na 2 CO 3 , and NaNO 3 replaced with an equal amount of KCl, supplemented with 25 mM NaCl, 212
and buffered with 20 mM HEPES-KOH at pH 8.0) as described by Song and Qiu (30). The 213 CO 2 (m/z = 44) and O 2 (m/z = 32) concentrations in the cell suspensions were monitored 214 simultaneously using a thermostat-controlled glass cuvette connected to a membrane inlet 215 mass spectrometer (Hiden, HPR40). The dark/light/dark intervals lasted about 6 minutes at 216 30°C. During dark intervals, 100 µM KHCO 3 was added before the beginning of the 217 subsequent light interval (light intensity, 500 µmol photons m -2 s -1 ). Net HCO 3 -uptake, net 218 CO 2 uptake, leakage of CO 2 , and influx of CO 2 were estimated according to Badger et al. (31) . 219
The rate constants for the conversion of HCO 3 -to CO 2 are 0.0508 s -1 for k 1 (CO 2 → HCO 3 -) 220 and 0.00087 s -1 for k 2 (HCO 3 -→ CO 2 ). Before Ci flux measurements, MIMS was calibrated 221
for O 2 concentrations with air-equilibrated and oxygen-free distilled water. MIMS was 222 calibrated for CO 2 concentrations by injecting known amounts of NaHCO 3 into 0.2 mM HCl 223 and adding known amounts of NaOH into Ci-free distilled water. for many generations on kanamycin-containing medium and was confirmed by PCR (Fig. 1S) . 242
When cultured under photoautotrophic conditions, the slr1336::C.K2 mutant showed a 243 slightly lower growth rate (0.83 ± 0.01) than that of wild-type (0.89 ± 0.01) (t-test, P < 0.05) 244 (Fig. 1 A) . In cultures of wild-type and slr1336::C.K2, the pH of the growth medium 245 increased from 8.0 to approximately 10.34 and 10.54, respectively, after the first 4 days, and 246 then decreased to approximately 9.20 and 9.07, respectively (Fig. 1 A) . However, under 247 light-activated heterotrophic growth conditions, there were no significant differences in either 248 the specific growth rate or growth medium pH between the two strains ( Fig. 1 B) (t-test, P > 0.05), but when the medium pH was 10.0, the intracellular pH of slr1336::C.K2 253 was significantly higher than that of wild-type (t-test, P < 0.05) (Fig. 1 D) (Fig. 2 A) . To determine whether 264
CCMs-facilitated photosynthesis affected the CaCO 3 precipitation process, we conducted the 265 same measurements under light-activated heterotrophic growth conditions. The calcification 266 rates of both wild-type and slr1336::C.K2 mutant cells under light-activated heterotrophic 267 conditions were about 100 times lower than those under photoautotrophic conditions (t-test, P 268 < 0.05) (Fig. 2 B) . These results suggested that the photosynthetic metabolism process 269 promotes cyanobacterial calcification. of CCMs-related genes, especially cmpA encoding the BCT1 HCO 3 -transporter. Interestingly, 296 the up-regulation of these CCMs-related genes was consistent with the increased calcification 297 rate in slr1336::C.K2 (Fig. 2) . 298
Western blot analysis of CmpA protein and total CA activity analysis. To determine 299 whether the up-regulation of cmpA transcription led to an increase at the protein level, 300
on December 23, 2017 by guest http://aem.asm.org/ Downloaded from 13 western-blot analysis was performed using a CmpA antibody (Fig. 3 B) . When equal amounts 301 of total proteins from wild-type and slr1336::C.K2 cells were analyzed, the amount of CmpA 302 was higher in slr1336::C.K2 than in wild-type cells. We also constructed a 303 slr1336::C.K2-complemented strain (slr1336::C.K2+psbAII slr1336 ) by expressing the slr1336 304 gene in the slr1336::C.K2 mutant with a PsbAII expression vector (23). The complemented 305 strain further confirmed that the phenotypes of the mutant were caused by the inactivation of 306 slr1336, and excluded a second site mutation. When equal amounts of total proteins were 307 analyzed, there was less CmpA protein in complemented cells than in slr1336::C.K2 cells, but 308 a similar level to that in wild-type cells. 309
Since the transcriptional analysis indicated that CA-encoding genes were up-regulated in 310 the slr1336::C.K2 mutant, CA activity was measured to examine whether the up-regulated 311 transcript levels of ccaA and ecaB enhanced the enzymatic activity of slr1336::C.K2 cells 312 (Fig. 3 C) . The total CA activity of slr1336::C.K2 was 1.36 ± 0.11 WAU mg -1 protein, 313 significantly higher than that of wild-type (0.94 ± 0.17 WAU mg -1 protein) (t-test, P < 0.05). 314
These findings were consistent with the qPCR results shown in Fig. 3 A. 315
Ci flux and photosynthetic O 2 evolution. The O 2 and CO 2 concentrations of 316
Synechocystis 6803 wild-type, slr1336::C.K2, and slr1336/cmpA double mutant were 317 measured using a membrane inlet mass spectrometer at pH 8.0 according to Badger et al. (31) . 318
The net HCO 3 -uptake rate of slr1336::C.K2 was significantly higher than that of wild-type 319 (Tukey multiple comparison, P < 0.05) ( Table 1 ). The net CO 2 uptake, CO 2 leakage, and 320 influx rates showed no significant difference between wild-type and slr1336::C.K2 (Tukey 321 multiple comparison, P > 0.05). For the double mutant of slr1336 and cmpA, the net HCO 3 -322 uptake rate was close to that of wild-type (Tukey multiple comparison, P > 0.05), but was 323 significantly less than that of slr1336::C.K2 (Tukey multiple comparison, P < 0.05). showed that when cultured in medium with a high Ca 2+ concentration (3.4 mM CaCl 2 ), the 346 calcification rate of cells grown in photoautotrophic conditions was 100 times higher than that 347 in cells grown in light-activated heterotrophic conditions (Fig. 2) -transporter still need to be elucidated, since the inactivation of the cmp operon in an 364 ndhB mutant of Synechocystis 6803 did not change its growth characteristics at pH 9.0 (DIC 365 was mainly supplied by HCO 3 -) (43). Interestingly, the structure of CmpA in Synechocystis 366 6803 has already been reported; the Synechocystis CmpA protein is anchored at the plasma 367 membrane and its Ca 2+ -binding site is exposed at the periplasmic side. The binding of 368 bicarbonate to CmpA is accompanied by a Ca 2+ ion, which probably acts a cofactor in the 369 bicarbonate transport activity of CmpA (38). Although limitation in the methodology did not 370 allow measurement of the Ca 2+ concentration in the periplasm in this study, we suggested that 371 a short-term decrease in the Ca 2+ concentration in the periplasmic space could be the signal to 372 induce expression of cmpA. This hypothesis is also consistent with the phylogenetic 373 distribution of the cmp operon or BCT1 among different cyanobacterial species. BCT1 is 374 generally present in freshwater cyanobacterial species but not in marine ones, except for 375 on December 23, 2017 by guest http://aem.asm.org/ Downloaded from much lower in freshwater than in seawater (6). The relatively lower Ca 2+ concentration in the 377 periplasmic space in the slr1336::C.K2 mutant might be the main reason for up-regulation of 378 the cmpA gene. This hypothesis was supported by our results, including the increased protein 379 level of CmpA as determined by western blot analysis (Fig. 3) , the increase of net HCO 3 -380 uptake as determined by the MIMS assay (Table 1) , and the increased photosynthetic rate 381 supported by the BCT1 transporter ( Table 2 ). The model in Fig. 4 shows the putative 382 mechanism of cyanobacterial calcification promoted by the inactivation of the Ca In addition to the change in Ca 2+ concentration, the intracellular pH and zeta potential of 385 the slr1336::C.K2 mutant were also affected by the inactivation of the Ca 2+ /H + exchanger 386 (Syn CAX). When the pH of the growth medium was 10, the intracellular pH was higher in 387 slr1336::C.K2 mutant cells than that in wild-type cells (Fig. 1) . This result is consistent with 388 the conclusion of Waditee et al. (19) , who reported that Slr1336 catalyzes the Ca which could result in up-regulation of the low Ci-induced CO 2 transport system encoded by 392 ndhF3 and of CA-encoding genes (Fig. 3) . The results of several independent experiments in 393 this study show that the zeta potentials of both wild-type and slr1336::C.K2 cells were 394 negative over a broad pH range (Fig. 2) . These findings were consistent with the previously 395 reported results that most microorganisms exhibit negative zeta potential at pH > 2.0 (35). 396
Evidently, the slr1336::C.K2 mutant cells exhibited a lower zeta potential than that of 397 wild-type cells, and thus, they may bind cations such as Ca 2+ more easily. This might 398 contribute greatly to the higher calcification rate in slr1336::C.K2 cells. 399
In conclusion, the mutation of the Ca 
(2) -(3) means the photosynthetic rate shown in the second row of the Table  580 subtract the rate shown in the third row. 
